A novel dual-band patch antenna operating at 28/38 GHz is proposed for multiple-input multiple-output (MIMO) communication systems in this paper. The antenna utilizes substrate integrated waveguide (SIW) transmission line as the feed by means of a coupling slot on the SIW. A square patch antenna functions as the radiator for 28 GHz. The inductive loading, which presents as a pair of shorting pins in this design, achieves the impedance matching for 28 GHz-band. Etched on the square patch, the proposed H-shaped slot makes the radiator to performance as an antenna containing two radiating arms and thus introduces another resonant frequency at 38 GHz. Directions of the surface current on the paired arms are identical and produce a reasonable radiation pattern for 38 GH-band. Simulated results declare that the antenna achieves an S 11 < −10 dB bandwidth of 27.6 -28.5 GHz (relative bandwidth of 3.2%) and 36.9 -38.9 GHz (relative bandwidth of 5.3%), while simulated gain is 9.0 dBi at 28 GHz and 5.9 dBi at 38 GHz, respectively. Measured results have verified the feasibility and correctness of the proposed dualband antenna, which indicate that the antenna is a promising candidate for MIMO communication systems at millimeter-wave (mmW) band.
I. INTRODUCTION
Nowadays, the fifth generation (5G) has already entered the formal commercial stage since the associated infrastructure constructions along with the terminal installations are increasingly researched and improved [1] . At present, lower frequencies (sub-6 GHz) which are utilized for wide area coverage are already in use for the 5G technique, while the higher frequencies, i.e. millimeter-wave (mmW) bands, for local area networks and short-range indoor links are still in developing [2] - [7] . Compared with the sub-6 GHz band, the upcoming usage of mmW band will undoubtedly further advance the efficient communication experience because of its broad bands and thus the capability of delivering multigigabit per second data speeds [8] - [12] . To establish their
The associate editor coordinating the review of this manuscript and approving it for publication was Guan Gui . own standardization as quickly as possible, a lot of countries have identified their frequencies for 5G mmW applications, such as 27.5-28.8 GHz for Japan, 28 GHz for Korea and 24.25-27.5 GHz/37-43.5 GHz for China [13] - [16] . For the United States, as early as October 2015, Federal Communications Commission (FCC) has recommended that the spectrum around 28 GHz, 37 GHz, 39 GHz and 64-71 GHz should be under strong consideration. Hence, devices for these bands are of particular importance for 5G communication systems [17] , [18] .
As a significant solution for 5G applications, antennas with multiple bands property are applicable owing to their capabilities to keep the devices compact in size [19] - [24] . On the contrary, complex feed networks for multiple independent antennas will produce the additional loss, which could be a clear disadvantage especially for mmW bands. Hence, multiband antennas have been research focuses in the field of VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ mmW antennas. For the realization of dual-band antennas, an often-adopted design method is gathering two radiating elements together with some techniques. The method applies whether or not is determined by the structures of the single frequency antennas. Another way is utilizing a single element which can working at two segregate modes. However, the shortcoming of the latter approach is that the operating frequencies of most antennas cannot be easily adjusted separately.
In this paper, a novel dual-band patch antenna, which is intended for operation at 28 GHz and 38 GHz bands, is proposed for the forthcoming 5G mmW applications. A narrow slot on a substrate integrated waveguide (SIW) transmission line couples the electromagnetic energies to the radiating patch, while the upper metal layer of the SIW also functions as the ground of the patch at the same time. Two metallized shorting pins inductively load on the patch antenna, and thus generate a resonant frequency at 28 GHz. With the operating band at 28 GHz maintained, an H-shaped slot is etched on the patch antenna and introduces another working mode at 38 GHz.
This article has been divided into five parts. Section II gives an overview of the proposed dual-band patch antenna. Section III discusses the operating principle at the dual-band frequencies respectively while section IV presents a detailed analysis of the antenna. In section V, this paper focuses on the measured results and studies the reasons which could cause the discrepancies between measurement and simulation. In the end of this work, a conclusion is drawn in Section VI. Fig. 1 depicts the configuration of proposed dual-band antenna. The antenna is constructed by a stack of two dielectric layers and three metallization layers. Both of the two dielectric layers (Substrate #1 and Substrate #2 in Fig. 1 ) are composed of Taconic TLY-5 with a relative permittivity (ε r ) of 2.2 and a dielectric loss tangent (tan δ) of 0.0009. Put slightly differently, the upper Substrate #1 is in a thickness of h 1 = 0.508 mm while the lower Substrate #2 has a thickness of h 2 = 0.254 mm. On the Substrate #2 board, a microstripto-SIW transition, which transfers energy form connector to SIW transmission line, is etched. A transverse slot is grooved on the SIW structure to excite the radiating patch which is bonded on Substrate #1 board. At both sides of the transverse slot, there exists a pair of metallized shorting pins connecting the radiating patch to the upper metallization layer of the SIW transmission line. On the top layer, a special H-shaped slot with optimized dimensions is etched on the patch. The geometries of the two slabs and the three metallization layers on them are shown in Fig. 2 , while the detailed dimensions of the proposed antenna are given in Table 1 . 
II. CONFIGURATION OF THE DUAL-BAND ANTENNA

III. OPERATING PRINCIPLE AND EVOLUTION OF THE DUAL-BAND ANTENNA A. INDEPENDENT ANTENNA WORKING AT 28 GHz
This paper utilizes a reported method for the lower operating frequency of 28 GHz, i.e. a pair of shorting pins for inductive loading [25] . Diameter of the paired shorting pins in Fig. 3 (a) is 0.2 mm while distance between the pins is K 2 = 1.85 mm and the patch length is K 1 = 3.48 mm. The current distributions of the patch without and with paired shorting pins are also illustrated in Fig. 3(b) and (c). According to surface current distributions, the paired shorting pins, which functions as the inductive loading for the patch antenna, make the surface currents concentrate at the two edges in the y direction of the patch and the region nearby the paired pins. Moreover, in Fig. 3(b) , the currents around the shorting pins contribute little to the radiation patterns for 28 GHz. At the operating frequency around 28 GHz-band, the input resistance (R in ) and reactance (X in ) of the patch antenna without and with the shorting pins are shown in Fig. 4 . For the original patch antenna, simulated R in at 28 GHz is 29 while X in is −107 , which signifies a high capacitive input impedance characteristic. According to the analysis in [25] , paired shorting pins along the centerline could bring in significant shunt-inductive effect to the patch antenna. In our design, with the pairedshorting-pins loaded, the input X in at 28 GHz is increased to approximate 28 .
B. INDEPENDENT ANTENNA WORKING AT 38 GHz
For the 38 GHz-band, Fig. 5 (a) shows a novel antenna which also utilizes a coupling slot on the SIW transmission line for feeding just as the previously mentioned patch antenna working at 28 GHz (see Fig. 3 ). Main radiation source of the 38 GHz-band antenna is a pair of arms while two shorting pins connect the arms to the upper layer of the SIW transmission line, respectively. The sufficiently large upper layer functions as the ground of the antenna operating at 38 GHz. As Fig. 5(b) shows, surface currents at 38 GHz are concentrated in the nearby regions of shorting pins. The amplitude of the surface currents between the shorting pins is much higher than the value of currents outside the paired shorting pins. And amplitude of the current is minimal at the end of the arms. Meanwhile, directions of the surface currents on the arms are accordant at the same time, which indicate the two identical currents will generate a superimposed radiation in the far field at 38 GHz.
According to the surface current on the arms, the length J 1 , J 2 and J 3 in Fig. 5(a) are main influencing factors for the resonance of the 38 GHz-band antenna. Fig. 6 illustrates the simulated reflection coefficient for variations on J 1 , J 2 , J 3 and clears that the increases of J 1 , J 2 , J 3 will cause band shifts towards lower frequencies. Hence, all of the lengths J 1 , J 2 and J 3 can be used for band tuning for 38 GHz-band antenna. 
C. EVOLUTION OF THE DUAL-BAND ANTENNA
This paper proposed a novel dual-band antenna which combines the 28 GHz-band and 38 GHz-band antennas together. The final design of the radiating patch is presented in Fig. 7(a) , while Fig. 7(b) and (c) show the surface current distributions on the patch at 28 and 38 GHz respectively. On the basis of current distributions of the dual-band antenna, compared with the surface current described as Fig. 3(c) , the main radiating region of the 28 GHz-band antenna, which locates at the edges of the patch, remains unchanged. The etched H-shaped slot removes the metallic part passing through with minor currents. In the respect of impedance characteristic, the input resistance will not varies dramatically when the H-shaped slot etched on the patch, while the input reactance (X in ) at 28 GHz will decrease from 28 to 6.7 . In fact, the added H-shaped slot has just a little capacitive loading effect for the patch antenna on the operating band of 28 GHz.
At 38 GHz, each end of the two radiating arms in Fig. 5 is separated and arranged in y direction. On the basis of surface current distribution on the final designed patch at 38 GHz, connection of the two radiating arms has almost no influence on the current distribution around the paired shorting pins. And the region which contributes a lot for radiating is preserved. For the far field performance, the currents (see Fig. 7(c) ) in the y direction are toward opposite directions and thus cancel each other out for radiation.
In addition, the simulated radiation patterns of the dualband antenna at 28 and 38 GHz are presented in Fig. 8 . Since the both of the surface current directions at 28 and 38 GHz are in the x axis, predominant polarization directions at the two frequency mode are identical with each other. Fig. 9 depicts the simulated reflection coefficient for variations on the patch length L p . According to Fig. 9 , the length L p decides the lower resonant frequency while it has little influence on the higher resonant frequency. There is no doubt that increasing the length of the patch will lead to a shift for 28 GHz band towards lower frequencies since the surface current path at the edge of the patch is lengthened. And on the other hand, a small increase of L p mainly maintains the impedance characteristics for the antenna working at 38 GHz. A slight band shift to lower frequency occurs at 38 GHz band while L p is reduced from 3.68 mm to 3.38 mm. This is because the length L p has an effect on the currents in the y direction and thus a slight change is carried out for the resonant frequency of the independent 38 GHz-band antenna. Therefore, to a certain extent, independent tuning in 28 and 38 GHz band can be realized by L p .
IV. ANALYSIS OF THE DUAL-BAND ANTENNA
An analogous situation occurs on the dimension parameter of L 2 , which represents the dimension of the gap between the paired radiating arms in Fig 5. In the region nearby the gap, surface current amplitudes at 28 GHz are minimal on the basis of Fig. 7(c) . Hence, the variations on L 2 will not basically affect the impedance matching for 28 GHz band. For 38 GHz band, the gap between paired arms determines the arm lengths of the antenna working at 38 GHz and thus determines the resonant frequency for the higher band. When the length of the gap (L 2 ) is increased, arms of the antenna for 38 GHz are longer, which corresponds a shift to lower frequencies.
Simulated reflection coefficient for variations on the gap distance L 2 is presented in Fig. 10 . In accordance with Fig. 10 , resonances in the 28 GHz band remain unaffected while L 2 varies from 0.206 mm to 0.406 mm. And the bandwidth of the higher operating band does not decrease for variations on L 2 . Consequently, Fig. 10 proves the analysis above and indicates that except for L p , the gap length L 2 can be applied for another independent tuning of the proposed dual-band antenna.
Obviously, parameters which determine the level of inductive loading of the antenna working at 28 GHz and the arm length of the antenna working at 38 GHz will define the both resonances of the dual-band antenna. Fig. 11 depicts the simulated reflection coefficient for variations on paired shorting pins distance L 3 . A significant tendency in Fig. 11 is that the frequency difference between the two resonances comes closer while L 3 is increasing. This phenomenon can be explained as follows. For 28 GHz band, increase of L 3 makes the pins approaching to the edges (in the x axis direction) of the patch and thus the shunt-inductive effect b-rought in by pins pushes up the resonant frequency. For 38 GHz band, increase of L 3 enables a longer arm length of the antenna operating at 38 GHz, which pulls down the resonant frequency for the higher band of proposed antenna. Similar results are obtained for the parameter R sp which represents the radii of the paired shoring pins. Fig. 12 claims that with the pin radii of R sp = 0.1 mm increasing to R sp = 0.15 mm and 0.2 mm, the lower resonant of the dual-band antenna will move towards the higher band. For the 38 GHz-band, a bigger pin radii means a shorter arm length is used for radiating, which produces a higher operating frequency for the upper band of the dual-band antenna. Hence, the two working bands have the coincident tendency upon the pin radii R sp . Fig. 13 shows prototypes of the separated slabs marked as Substrate #1 and Substrate #2 described in Fig. 1 , as well as the photos of fabricated entire dual-band antenna. Proposed antenna is fed by a 2.40mm Southwest End Launcher and is measured with a vector network analyzer (Keysight N5247A). The simulated and measured reflection coefficients of the dual-band antenna are depicted in Fig. 14. As the figure shown, the fabricated antenna covers two separated S 11 < −10 dB band ranges of 27.7-28.7 GHz and 36.8-40.2 GHz, which are broader than the simulated values of 27.6-28.5 GHz and 36.9-38.9 GHz. Discrepancies between simulation and measurement can be attribute to the fabrication and assembly inaccuracy of the antenna, while transmission loss of Southwest End Launcher aggravates the discrepancies.
V. MEASURED RESULTS
The proposed dual-band antenna is measured in anechoic chamber and the normalized radiation patterns at 28 and 38 GHz are displayed in Fig. 15 . According to Fig. 15 , for both of the two operating frequencies, measured copolarized patterns differ slightly from the simulation while the deviations are caused by assembly error of the antenna and reflection effect of the metallic connector. In both E-and H-planes, normalized cross-polarizations by measurement are below −16.0 dB. Moreover, measured gains of the proposed dual-band antenna are 8.4 dBi at 28 GHz and 6.1 dBi at 38 GHz while the radiating efficiencies at the two operation bands are 84% and 99%, respectively.
VI. CONCLUSION
A dual-band patch antenna working at 28/38 GHz is proposed manufactured, and validated in this paper. To feed the patch, a SIW transmission line with a coupling slot on it is utilized. For inductive loading at 28 GHz, a pair of shorting pins is adopted to connect the patch to the ground while the upper metal layer of the SIW acts as the ground for the radiating patch. Another antenna fed by the same coupling slot is designed for 38 GHz band. A combined design is realized while the surface currents of the two antennas at 28 and 38 GHz maintain unchanged respectively. Measured results declare that an S 11 < −10 dB bandwidth of 3.8% is achieved at 28 GHz-band while another bandwidth of 9.0% is achieved at 38 GHz-band. Since the operating principle of the antenna has no relationship with the working frequencies, design method can be extended to other frequency bands. Moreover, the proposed dual-band antenna obtains an independent tuning performance and indicates that it can be a potential candidate for forthcoming 5G mmW MIMO communication system applications.
